Due to the lack of effective treatments, advanced colorectal cancer (CRC) remains a leading cause of cancer death in the United States. Emerging evidence supports the observation that muscarinic receptor (MR) signaling plays a critical role in growth and progression of CRC. MR activation by acetylcholine and bile acids results in transactivation of epidermal growth factor receptors (EGFR) and post-EGFR signal transduction that enhances cell proliferation, migration, and invasion. Here, the authors review recent progress in understanding the molecular mechanisms underlying MR-mediated CRC progression and its therapeutic implications.
INTRODUCTION
Colorectal cancer (CRC) is the second leading cause of cancer death worldwide with 1.4 million new cases and 693,900 deaths each year. [1] In the United States, CRC is currently the third leading cause of cancer death for both men and women. [2, 3] Annually, approximately 140,000 people are diagnosed with CRC of which 50,000 will die, primarily from advanced disease. [2, 3] Although surgical and endoscopic treatment is very effective for patients with early-stage CRC, late-stage CRC is generally resistant to chemo-and radiation-therapy.
Uncontrolled cell proliferation is an integral part of CRC progression. Cancer cell proliferation is regulated by a variety of growth factors and receptors. Epidermal growth factor (EGF) and other EGF receptor (EGFR) agonists play key roles in promoting growth of many human cancers, including CRC. As a result, biologicals that target EGFR have been approved by the Food and Drug Administration for the treatment of EGFR-positive advanced CRC; this approach enhances survival by several months. [4, 5] However, the 5-year survival rate for advanced CRC remains only 10-15%. [4, 5] New therapeutic approaches are urgently needed.
MUSCARINIC RECEPTORS IN NORMAL COLON TISSUE AND CRC
The muscarinic cholinergic family of G-protein-coupled receptors (GPCRs) consists of five muscarinic receptor (MR) subtypes designated muscarinic acetylcholine receptor subtype M1 (M1R)-M5R (for review see [6] [7] [8] [9] ). MR is expressed in many tissue types and play important roles in progression of many cancers including breast, prostate, lung and CRC. [10] [11] [12] M1R and M3R, expressed widely in the gastrointestinal (GI) tract, are coupled to G q11 , activate phospholipase C and increase cell calcium. Using reverse transcription polymerase chain reaction with primers specific to MR subtypes, radiolabeled ligand binding assays, and calcium mobilization studies, Frucht et al. [13, 14] reported that 60% of colon cancer cell lines they tested expressed M3R. Subsequently, Yang and Frucht [15] reported up to 8-fold increased M3R expression in 62% of colon cancers compared to normal adjacent normal colon epithelium.
MUSCARINIC RECEPTOR LIGANDS IN CRC (ACETYLCHOLINE AND BILE ACIDS)

Role of acetylcholine
Acetylcholine (ACh) was traditionally regarded solely as a neurotransmitter that functioned exclusively in the central and peripheral nervous systems. However, over the past decade emerging evidence indicates that ACh is also produced and released by normal and neoplastic nonneuronal cells including human keratinocytes, small cell lung cancer cells, immune cells, and intestinal epithelial cells. [16] [17] [18] [19] [20] [21] Choline acetyltransferase (ChAT) plays a critical catalytic role in the biosynthesis of both neuronal and non-neuronal ACh. Homozygous ChAT mutant embryos lack detectable ACh. [22] Also, ACh released from nerve endings is rapidly hydrolyzed by choline esterases thereby limiting its actions to immediately-neighboring cells. As a consequence, ACh production by non-neuronal cells can play a key role in regulating the actions of cells or tissues that are not directly innervated by cholinergic neurons.
ACh can be released by enteric neurons or produced by colon cancer cells. Although ACh release from intestinal non-neuronal cells was identified more than a decade ago, [23] its physiological relevance remains poorly understood. We showed that human colon cancer cells produce and release ACh that acts as an autocrine growth factor to stimulate cell proliferation. [24] We demonstrated that: (1) basal colon cancer cell proliferation is inhibited by the cholinergic antagonist atropine, cholinesterases, and inhibitors of choline transport; (2) ChAT is expressed at low levels by mouse and human intestinal mucosa, and at high levels by mouse colon tumors, a majority of human colon cancer cell lines, and CRC surgical specimens; and (3) human colon cancer cell lines produce and release ACh as demonstrated by high-performance liquid chromatography with electrochemical detection. These findings strongly support a role for ACh in CRC progression.
We proposed an important role for MR activation in ultrarapid growth of CRC in a patient with pheochromocytoma. [25] This elderly man with longstanding, unresectable pheochromocytoma experienced rapid development of rectal adenocarcinoma despite close endoscopic surveillance. We determined that the patient's CRC overexpressed M3R, whereas his pheochromocytoma expressed ChAT. These findings suggested that ACh release from the pheochromocytoma stimulated rapid growth of the rectal neoplasm. As proofof-principle we found that culture media conditioned by pheochromocytoma cells stimulates proliferation of a human colon cancer cell line, an effect attenuated by adding the MR antagonist atropine.
Role of bile acids
Besides ACh, bile acids and its derivatives are also important MR ligands. In 1998, we made the serendipitous observation that bile acids interact functionally with muscarinic receptors on gastric epithelial cells. [26] Subsequently, we made several novel observations: (1) conjugated secondary bile acids interact selectively and functionally with choline containing compounds (Cho) cells expressing muscarinic receptors; [27] (2) molecular modeling revealed a strikingly similar structural alignment of the geometry and surface electrostatic charges of bile acids and ACh; [27] (3) bile acid binding triggers appropriate post-M3R signaling; [27] (4) hybrid molecules created from bile acids and ACh are MR ligands; [28] and (5) lithocholic and deoxycholic acid conjugates interact with M3R on human colon cancer cells, thereby stimulating post-receptor signaling and cell proliferation. [29] Because muscarinic effects on colon cancer cell proliferation are mediated by transactivation of EGFR, [30, 31] results of bile acid interaction with M3R depend on the cell type examined. In Cho cells that express M3R but not EGFR, deoxycholic acid conjugates are MR antagonists. [32] In H508 and HT-29 colon cancer cells that express both M3R and EGFR deoxycholyltaurine (DCT) is a MR agonist whose effects are mediated by transactivation of EGFR. [30, 33] To our knowledge, no endogenous mammalian cholinergic agonists other than ACh and bile acids have been identified.
The observation that bile acids interact selectively and functionally with plasma membrane muscarinic receptors prompted us to examine their actions on intestinal epithelial cells. In particular, we studied H508 human colon cancer cells that co-express M3R and EGFR, and SNU-C4 cells that express EGFR but not muscarinic receptors. [14] DCT caused dose-dependent increases in M3R signaling and H508 cell proliferation that were not observed in SNU-C4 cells. [30] These proliferative effects of bile acids are mediated by interaction with plasma membrane M3R, not by interaction with bile acid nuclear receptors (i.e. the farnesoid X receptor) that regulate bile acid metabolism.
We demonstrated that efficacious concentrations of proproliferative bile acids are achieved in the intestine. [34] Because H508 cells derive from a moderately welldifferentiated cecal adenocarcinoma, cecal contents were obtained immediately post-mortem from 19 persons. Using internal controls, bile acid spectrum and concentration were determined by an enzymatic assay and gas-chromatography/mass spectrometry. Total 3α-hydroxy bile acids were 400 ± 200 μmol/L (mean ± SD) and deoxycholic acid conjugates were 12 ± 28 μmol/L (maximum, 104 μmol/L). [33] Overall, in one-third of subjects, cecal conjugated deoxycholic acid achieved levels (10-100 μmol/L) that stimulate colon cancer cell proliferation in vitro. [30, 33, 34] Cecal bile acid concentrations in persons with ileal disease, ileal resection, and colon cancer are not known. Additional factors suggest that bile acid interaction with GI epithelial cell muscarinic receptors can regulate cell proliferation: (1) fecal bile acids are in contact with intestinal epithelial cells for many years (average age for developing colon cancer is > 50 years); [35] (2) bile acids lack an ester linkage and are not hydrolyzed by tissue cholinesterases that rapidly inactivate ACh; [28] (3) lipophilic lithocholic acid derivatives have access to muscarinic receptors in the lipid bilayer of cell membranes (i.e. the novel bile acid: ACh hybrid molecule, lithocholylcholine, interacts with muscarinic receptors on rat aortic strips); [28] (4) neoplastic cells commonly lose polarity, thereby expanding expression of muscarinic receptors, usually restricted to the basolateral membrane, to the entire plasma membrane; and (5) increased tight junction permeability between neoplastic cells allows access of luminal bile acids to basolateral membrane receptors. [36] We believe that this collective evidence makes a compelling argument that muscarinic receptors and MR ligands play an important role in intestinal epithelial cell proliferation and CRC progression.
Although experimental studies in rodents suggest that bile acids are intestinal tumor promoters, [37] the role of endogenous bile acids in colon carcinogenesis remains poorly understood. Dawson et al. [38] showed that in mice deficient in the ileal apical sodium-dependent bile acid transporter (ASBT, encoded by SLC10A2), fecal bile acid excretion increased more than 10-fold. To examine the development of aberrant crypt foci (ACF), the earliest histological marker of colon neoplasia, we treated WT and Asbt-deficient [Slc10a2 (-/-)] male mice with azoxymethane (AOM), an intestine-selective carcinogen. [39] We also used a combination of AOM and dextran sodium sulfate to induce colon tumorigenesis. Compared to littermate controls, we found that Asbtdeficient mice demonstrated significant increases in ACF, as well as colon tumor number and size. Also, Asbtdeficient mice had a two-fold increase in the number of colon adenocarcinomas. Finally, in murine colon neoplasia, increased fecal bile acids were associated with increased expression of M3R and EGFR, and activation of post-EGFR signaling. These observations indicate that endogenous bile acids also promote intestinal tumorigenesis.
MR SIGNALING IN CRC AND DISEASE PROGRESSION
Transactivation of EGFR
EGFR is commonly over-expressed in many epithelial malignancies and this feature often indicates a more aggressive phenotype. [40] Likewise, as observed with M3R, EGFR is frequently over-expressed in colon cancer (in 25-77% of tumors compared to adjacent normal mucosa). [40, 41] Co-expression of M3R and EGFR in many colon cancer cell lines, and over-expression of these receptors in the majority of colon cancers suggests that the functional interaction observed between M3R and EGFR is important for regulating colon cancer cell proliferation. [31] Previously, we found that in H508 cells which overexpress both M3R and EGFR, but not in SNU-C4 cells that express EGFR but not M3R, ACh stimulated cell proliferation by approximately 200% compared to control. [31] In H508 cells, both ACh and EGF stimulated calcium-dependent EGFR activation (tyrosine phosphorylation) and activation of extracellular signalregulated kinase 1 and 2 (ERK1/2); MR antagonists and inhibitors of the mitogen-activated protein kinase (MAPK) phosphorylation blocked these effects. In addition, ACh-and EGF-induced phosphorylation of ERK1/2 MAPK and cell proliferation were abolished by EGFR inhibitors. However, in Cho cells transfected with rat M3R, which lack EGFR, ACh-induced ERK1/2 MAPK phosphorylation was not altered by EGFR inhibitors. It was concluded that, in H508 cells, cholinergic ligand interaction with M3R results in transactivation of EGFR, thereby stimulating cell proliferation. [31] These results indicate that EGFR transactivation is a key mechanism underlying MR-mediated intestinal tumorigenesis and cancer progression.
Cell proliferation and tumorigenesis
Uncontrolled cell proliferation is a hallmark of malignancies. We showed that in human colon cancer cells ACh-induced activation of M3R stimulates robust but selective matrix metalloproteinase (MMP) gene expression. [42] In H508 human colon cancer cells, ACh caused a striking dose-and time-dependent increase in mRNA and protein levels of MMP1, 7, and 10 by upregulating gene transcription. As a consequence, ACh stimulated MMP7-dependent cell proliferation by transactivating EGFR.
Using in vivo models, we showed that genetic ablation of M3R in AOM-treated mice attenuates epithelial cell proliferation, and the number of adenomas and adenocarcinomas per mouse colon (65% reduction in the number of adenocarcinomas/colon). [43] Whereas 50% of AOM-treated wild-type (WT) animals had multiple adenocarcinomas/colon, this was not the case with any M3R-deficient animal. Moreover, in M3R-deficient mice the overall colon tumor volume was reduced by 60% compared to that in WT animals. Collectively, these observations suggest that M3R may play a role in both tumor initiation and promotion; that is, both the number and size of tumors was reduced in M3R-deficient animals.
MR antagonists are potential therapeutics in CRC. We showed that M3R gene ablation and treatment with scopolamine butylbromide, a non-subtype-selective MR inhibitor, attenuated small intestinal neoplasia in Apc Min/+ mice with aberrant beta-catenin signaling. [44] Compared with Apc Min/+ mice, Apc Min/+ M3R -/-mice showed 70% and 81% reductions in tumor number and volume, respectively. After 8 weeks of continuous treatment, scopolamine butylbromide-treated mice had a significant reduction in both tumor number and volume as compared with control mice. Overall, these findings indicate that the interplay of M3R and beta-catenin signaling is important for intestinal mucosal differentiation and neoplasia.
Because intestines express both M1R and M3R receptors, it is important to determine whether these two receptors have distinct functions. We showed divergent effects of MR subtype gene ablation on murine colon tumorigenesis. [45] Although AOM-treated M3R-deficient mice had fewer and smaller colon tumors than control WT mice, reductions in colon tumor number and size were not observed in M1R-deficient and dual M1R/M3R-deficient mice. Microarray and real-time PCR analyses revealed a possible role for zinc finger protein (Zfp) 277 expression in mediating these different phenotypes. However, the molecular mechanism underlying the MR-dependent regulation of Zfp 277 requires further investigation.
We demonstrated cholinergic MR activation augments murine intestinal epithelial cell proliferation and tumorigenesis in vivo. [46] Mice treated with the MR agonist bethanechol, provided in drinking water, had increased AOM-induced colon tumor numbers and size compared to AOM-treated mice drinking untreated water. Cell proliferation in both normal mucosa and adenocarcinomas was increased in bethanechol-treated compared to control mice. Also, in tumors, bethanechol treatment was associated with increased expression of M3R, EGFR and post-EGFR signaling molecules Myc and cyclin D1. Bethanechol treatment also increased normal colon mucosal thickness and stimulated expression of selected MMP genes, including MMP7, MMP10, and MMP13. These findings confirm that MR agonists are intestinal tumor promoters.
Cell migration and invasion
Cell migration is a key mechanism of cancer invasion. Using three distinct in vitro models, we showed that MR activation enhances cell migration and invasion. Using a soft agar colony formation assay, we showed that ACh enhanced anchorage-and MMP-dependent growth of H508 human CRC cells. In addition, in H508 and HT29 human CRC cells, using in vitro wound closure and Matrigel invasion models, [47] we showed that ACh treatment increased cell migration that was was blocked by inhibiting RhoA and Rho kinase, key proteins that interact with the actin cytoskeleton. Lastly, using an electrical cell impedance sensing invasion assay, we showed that ACh stimulated MMP1-dependent invasion of H508 cells. [48] 
CONCLUSION
Muscarinic receptors are expressed in normal colon epithelial cells and overexpressed in colon tumors and colon cancer cell lines. Primary MR Ligands include ACh, deriving from both neuronal and non-neuronal tissues, and secondary bile acids. MR activation enhances colon cancer cell proliferation, cell migration, and invasion by transactivating EGFR, thereby initiating post-EGFR signaling [ Figure 1 ]. MR antagonists and other agents that block MR activation or subsequent post-MR signal transduction have promise for CRC therapeutics. 
FUTURE DIRECTIONS
It is clear that muscarinic receptors and ligands play key roles in CRC progression. Unfortunately, there are no published translational and clinical studies at this time. Future studies focused on determining overexpression of muscarinic receptors in different patient cohorts, relation to CRC staging, tumor differentiation and prognosis will shed more lights in the importance of muscarinic receptor signaling in CRC.
Another important aspect of MR signaling in CRC is therapeutic potential of MR-based therapy. Because M1R and M3R are both expressed abundantly in the intestinal epithelium, buy have distinct functions, [45] it is critical to develop M1R-and M3R-specifc ligands, and test their pharmacological and therapeutic characteristics both in vitro and in vivo. These studies will lay important foundations for future human clinical trials that are focused on MR-based therapy. In addition, colon-specific drug delivery systems [49] should be utilized to reduce unwanted systemic side-effects. 
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